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Abstract. In a previous paper we showed that the radio sources selected by combining large areas radio and optical
surveys, present a strong deficit of radio emission with respect to 3CR radio-galaxies matched in line emission
luminosity. We argued that the prevalence of sources with luminous extended radio structures in high flux limited
samples is due to a selection bias. Sources with low radio power form the bulk of the radio-loud AGN population
but are still virtually unexplored.
We here analyze their photometric and spectroscopic properties. From the point of view of their emission lines,
the majority of the sample are Low Excitation Galaxies (LEG), similar to the 3CR objects at the same level
of line luminosity. The hosts of LEG are red, massive (10.5 . logM∗/M⊙ . 12) Early-Type Galaxies (ETG)
with large black holes masses (7.7 . logMBH/M⊙ . 9), statistically indistinguishable from the hosts of low
redshift 3CR/LEG sources. No genuine radio-loud LEG could be found associated with black holes with a mass
substantially lower than 108M⊙ or with a late type host. The fraction of galaxies with signs of star formation
(∼ 5%) is similar to what is found in both the quiescent ETG and 3CR/LEG hosts. We conclude that the deficit
in radio emission cannot be ascribed to differences in the properties of their hosts. We argue that instead this
could be due to a temporal evolution of the radio luminosity.
A minority (∼ 10%) of the sample show rather different properties, being associated with low black hole masses,
with spiral galaxies, or showing a high excitation spectrum. In general these outliers are the result of the contam-
ination from Seyfert and from galaxies where the radio emission is powered by star formation. For the objects
with high excitation spectra there is no a clear discontinuity in either the host or nuclear properties as they span
from radio-quiet and radio-loud AGN.
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1. Introduction
The advent of large area surveys opened the possibility
for the scientific community to explore large samples of
extragalactic sources and to set the results on several key
issues on strong statistical foundations. In particular, the
cross-match of astronomical data from radio and optical
surveys provides a unique tool in the analysis of the radio
emitting galaxies, since it allows us to identify optically
large numbers of radio sources, to obtain spectroscopic
redshifts, to determine the properties of their hosts, and
to build up their spectral energy distributions.
In recent years several studies have been indeed carried
out on large samples of radio galaxies in order to investi-
gate the links between the radio structures, the central en-
gine associated with an Active Galactic Nucleus (AGN),
and the host galaxies. In particular, Best et al. (2005a)
Send offprint requests to: R.D. Baldi
selected a sample of 2215 low-luminosity radio galaxies
by cross-correlating SDSS (Data Release 2), NVSS, and
FIRST1. The resulting catalogue is by far larger than
any previously studied sample of fully optically identi-
fied radio-sources. This sample (hereafter we refer to it
as SDSS/NVSS sample) is highly (95 %) complete down
to the flux threshold of 5 mJy and provides a very good
representation of radio-galaxies in the local Universe, up
to a redshift of . 0.3, covering the range 1038 − 1042 erg
s−1 in radio power.
In a subsequent paper (Best et al. 2005b) studied the
properties of the host galaxies of these radio-loud AGN
(hereafter RLAGN) finding that these are massive galax-
1 Sloan Digital Sky Survey, (York et al. 2000), National
Radio Astronomy Observatory (NRAO) Very Large Array
(VLA) Sky Survey (Condon et al. 1998), and the Faint Images
of the Radio Sky at Twenty centimeters survey (Becker et al.
1995) respectively.
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ies, usually of early Hubble type, with stellar masses in the
range log (M∗/M⊙) ∼ 10
10 − 1012, and located in richer
environments than normal galaxies.
The SDSS/NVSS sample was then considered by
Baldi & Capetti (2009) in the context of the properties of
low luminosity radio-galaxies. We show that they display
a strong deficit of radio emission with respect to their nu-
clear emission-line luminosity when compared to sources,
part of other samples of radio-galaxies, matched in line
luminosity.
This result is particularly intriguing considering
that the presence of a strong correlation between
line and radio luminosity is instead well established
(see, e.g., Baum & Heckman 1989; Rawlings et al. 1989;
Morganti et al. 1997; Tadhunter et al. 1998; Willott et al.
1999) from the study of different samples of radio-
galaxies. Both Low and High Excitation Galaxies (LEG
and HEG respectively) obey separately to such a correla-
tion, although the normalizations for the two classes dif-
fer (Buttiglione et al. 2010). This suggests that the en-
ergy source of the narrow lines is closely linked to the
source of the radio emission. It can be envisaged that a
constant fraction of the available accretion power is chan-
neled into radiative emission (that powers the emission
line regions) and into jet kinetic energy (of which the ra-
dio emission is the electromagnetic manifestation). The
study of the SDSS/NVSS sample suggests instead that
total radio luminosity and line emission are independent
from each other.
Nonetheless, considering the properties of miniature
radio-galaxies (Balmaverde & Capetti 2006) we found
that a link exists between radio core and line emission, ex-
tending to low luminosities the analogous relation present
in high power sources. By assuming that the [O III] lumi-
nosity gives an appropriate bolometric estimate of AGN
power, and that radio cores are a good proxy for the jet
power, radio galaxies with similar nuclear properties are
able to produce an extremely wide range of total radio
power, of a factor ≥100. Indeed, these radio-galaxies of
very low power are all highly core-dominated, with only
feeble extended emission. A similar sample, studied by
Prandoni et al. (2009) at higher frequency (1.4-15 GHz)
and selected at lower flux cutoff (> 1 mJy), also shows
a substantial fraction of very compact radio morphologies
(d<10 kpc) in the same range of radio power covered by
3CR and B2 sample. We argued that the prevalence of
sources with luminous extended radio structures in high
flux limited samples is due to a selection bias, since the in-
clusion of such objects is highly favored. Core dominated
sources with a low ratio between radio and emission line
power form the bulk of the local radio-loud AGN popula-
tion but they are still virtually unexplored. Unfortunately,
the images available for the SDSS/NVSS sample are not
sufficient to properly isolate their radio cores.
The aim of this paper is a better understanding of
the physical properties of these RLAGN. In particular we
will explore the spectro-photometric properties of their
hosts looking for possible differences that might explain
their low level of radio emission with respect to the clas-
sical powerful radio galaxies matched in line luminosity.
Operatively, with the information provided by SDSS we
classify the optical spectra of the AGN on the basis of
the excitation level. Then, we analyze the key properties
of the hosts and the AGN, like the black hole mass, the
mass and colors of the hosts, drawing a quantitative com-
parison with the 3CR sample. The main result is that the
sample shows indistinguishable properties from those of
3CR sample. This implies that the reasons for the dif-
ferent radio properties between the bulk of the RLAGN
population and the most studied sample of radio-galaxies
must be ascribed to other mechanisms.
The paper is organized as follows. In Sect. 2 we briefly
present the sample selection carried out by Best et al.
(2005b). In Sect. 3 and 4 we analyze the spectro-
photometric properties of the SDSS/NVSS sample con-
sidering separately the sub-samples in the redshift ranges
0.03 < z < 0.1 and 0.1 < z < 0.3. What emerges from the
study is that the sample is mostly composed of red, mas-
sive early-type galaxies with large black hole mass, with
spectra typical of LEG. In Sect. 5 we compare their broad-
band properties with those of the 3CR sample, finding
clear similarity with LEG. The few apparent exceptions
to this general rule are discussed in Sect. 6. The summary
and conclusions to our findings are expounded in Sect. 7.
In the Appendix we provide the spectro-photometric dia-
grams of the sub-sample with 0.1 < z < 0.3.
2. Sample selection
For the analysis we use the sample of RLAGN selected
by Best et al. (2005b). This sample is obtained cross-
matching the ∼212000 galaxies drawn from the SDSS-
DR2 with the NVSS and FIRST radio surveys. Leaving
aside 497 sources identified as star forming galaxies, this
radio-selected sample consists of 2215 radio luminous
AGN having a radio flux larger than 5 mJy at 1.4GHz.
The Sloan Digital Survey (York et al. 2000;
Stoughton et al. 2002) with its optical imaging and
spectroscopic survey of about a quarter of the sky
provides a variety of physical parameters for the galaxies
of this sample. These include emission line fluxes, stellar
velocity dispersions, optical magnitudes in 5 bands,
stellar masses, concentration indices, and strength of
stellar absorption features such as the 4000A˚ break
strength (Dn(4000)). These photometric and spectro-
scopic parameters have been used for the analysis of this
paper.
3. Results: the sub-sample with 0.03 < z < 0.1
In this section we describe the results obtained considering
the sub-sample of 425 SDSS/NVSS galaxies with 0.03 <
z < 0.1. The more distant objects will be instead discussed
in Sect. 4.
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Fig. 1. Spectroscopic diagnostic diagrams for the objects with 0.03 < z < 0.1: in the first panel, log([O III]/Hβ) vs.
log([N II]/Hα), in the second log([O III]/Hβ) vs. log([S II]/Hα), and in the third, log([O III]/Hβ) vs. log([O I]/Hα).
The solid lines separating Star Forming Galaxies, LINER, and Seyfert are from Kewley et al. (2006); in the first panel
the region between the two curves is populated by the Composite Galaxies. In the fourth panel we give the location
of each source derived from the previous diagrams in the plane log([O III]/Hβ) vs. Line Ratios Index (see text). We
mark LEG as red squares, HEG as blue circles, Star Forming Galaxies as green triangles, Ambiguous Galaxies as pink
crosses, and Unclassified Galaxies as black dots.
3.1. Optical spectroscopic diagnostic diagrams
Kewley et al. (2006) considered a sample of ∼85000 emis-
sion line galaxies from the SDSS, using the location of
a galaxy in the spectroscopic diagnostic diagrams, planes
formed by pair of emission line ratios, to recognize the
nature of their nuclear emission, e.g. separating active nu-
clei from star forming galaxies (e.g. Baldwin et al. 1981).
Furthermore, Kewley et al. (2006) noted that AGN form
branches of different excitation level, i.e. Seyfert and
LINER (Heckman 1980).
We start our analysis considering the 425 objects with
0.03 < z < 0.1. In the first three panels of the Figure 1
we show the location in the diagnostic diagrams for the
objects that have emission lines detected at SNR>3 sep-
arately for each diagram. In the plane log([O III]/Hβ) vs.
log([O I]/Hα) there is a well defined “branch” of low exci-
tation galaxies. We also find high excitation AGN but in
lower number.
Best et al. (2005b) excluded galaxies in which the ra-
dio emission can be accounted by the presence of star
formation2. Nonetheless, several objects with a starburst-
2 Best et al. (2005b) divided the sample into two classes:
RLAGN and galaxies in which the radio emission is dominated
by star formation. The division is based on the location of a
like optical spectrum are present in the sample. The radio
emission in these galaxies is possibly powered by the AGN,
but their emission lines likely have a dominant contribu-
tion from regions of star formation.
Our optical classification is based on the simultane-
ous identification of an object in all three diagnostic di-
agrams. 212 objects, that have SNR>3 for each of the
6 key emission lines, could be classified (see Table 1). A
source is classified as star forming galaxy (SFG), when it
is located below the curved solid lines in even just one di-
agram. This approach is rather conservative and can lead
to an overestimate of the number of SFG. LEG (HEG) are
the sources located in the LINER (Seyfert) region in both
[S II]/Hα and [O I]/Hα planes; an “ambiguous” galaxy
(AG) changes its identification from LEG to HEG (or
vice-versa) in the diagrams involving the [S II]/Hα and
[O I]/Hα ratios. The sub-sample with spectroscopic clas-
sification is mostly composed of LEG (122), while there
are 32 HEG, 45 SFG, and 13 AG. The remainder half
of the sample (213 objects) has no optical classification.
Their properties will be discussed in more detail below.
galaxy in the plane of 4000-A˚ break strength versus radio lu-
minosity per unit stellar mass, see Figure 6.
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Table 1. Spectral and morphological classification breakdown
Unclass. LEG AG HEG SFG Total
0.03 < z < 0.1 213 122 13 32 45 425
Cr > 2.86 Dn(4000) > 1.7 181 88 9 4 8 290
and σ(Cr) < 0.2 Dn(4000) < 1.7 1 7 1 11 9 29
subtotal 182 95 10 15 17 319
2.6 < Cr < 2.86 Dn(4000) > 1.7 14 9 0 1 3 27
and σ(Cr) < 0.2 Dn(4000) < 1.7 0 4 0 8 8 20
subtotal 14 13 0 9 11 47
Cr < 2.6 Dn(4000) > 1.7 2 3 2 0 2 9
and σ(Cr) < 0.2 Dn(4000) < 1.7 2 4 1 6 13 26
subtotal 4 7 3 6 15 35
Total 200 115 13 30 43 401
Cr > 2.86 “red” 176 87 9 6 11 289
and σ(Cr) < 0.2 “blue” 6 8 1 9 6 30
We also estimated the Line Ratios Index (LRI) for
our sources, the new spectroscopic indicator introduced
by Buttiglione et al. (2010). LRI is defined as the average
of the low ionization lines ratios, i.e. 1/3 (log[N II]/Hα +
log[S II]/Hα + log[O I]/Hα) and provides a more stable
classification than the individual line ratios. In the fourth
panel of Figure 1 we show the location of the sources in
the [O III]/Hβ vs. LRI plane, distinguishing on the basis
of the optical classification derived above. The presence
of two populations of low/high excitation level AGN is
clearly seen, similar to that observed in the previous di-
agnostic diagrams and for the RLAGN sample of 3CR
radio-galaxies (Buttiglione et al. 2010). As expected, the
ambiguous galaxies are located in an intermediate region
between LEG and HEG, but mostly at high [O III]/Hβ
values.
While the sample analyzed here is radio selected, the
active nuclei considered Kewley et al. (2006) are mostly
radio-quiet. Therefore it is appropriate to consider also
the results of Buttiglione et al. (2010) on the spectro-
scopic properties of radio galaxies from the 3CR sam-
ple. Following previous studies, (e.g. Hine & Longair 1979;
Laing et al. 1994; Jackson & Rawlings 1997), they sepa-
rated Low and High excitation galaxies (LEG and HEG re-
spectively) on the basis of the narrow emission line ratios.
The spectroscopic separation of RLAGN into HEG/LEG
slightly differs from the radio-quiet Seyfert/LINER clas-
sification. In fact, the branch of LEG reaches [O III]/Hβ
ratios∼0.2 dex higher than the LINER from Kewley et al.
(2006). It is unclear whether this is due to a luminosity
mismatch (the 3CR line luminosity is on average ∼ 30
times higher than the SDSS sources) or to a genuine dif-
ference between radio-quiet and RLAGN in the diagnos-
tic diagrams. Since the objects considered here have line
luminosities similar to the Kewley et al. (2006) sources
(most of our objects have 1039 < L[O III] < 3 × 10
40), we
decided to adopt their classification of High and Low ex-
citation galaxies. We will however bear in mind that, with
this choice, objects located just above the Seyfert/LINER
separation lines could be instead genuine low excitation
RLAGN.
Let us now focus on the objects that have no opti-
cal classification (hereafter Unclassified Galaxies, UG) be-
cause at least one of the key emission lines (usually Hβ
and/or [O III]) is undetected. This subsample is clearly
very important as it is composed of 213 objects, about half
of the low redshift galaxies3. First of all, ∼ 50 such objects
can still be positioned in at least one of the diagnostic di-
agrams of Fig. 1. With only two possible exceptions, they
fall into the same region populated by LEG.
Cid Fernandes et al. (2009) shown that a good sep-
aration between the various spectroscopic classes can
also be obtained by comparing the Hα equivalent width
(EW) and the [N II]/Hα ratio (see Figure 2). In the
SDSS/NVSS sample, HEG have in general the largest val-
ues of EW(Hα). SFG and LEG span a similar large range
of EW(Hα), but these two classes are still rather well sep-
arated, particularly at low equivalent widths, with SFG
having lower values of [N II]/Hα than LEG. The 116 UG
present in this diagnostic diagram are, with only a few
possible exceptions, located in the same region of LEG,
populating the lower right corner. This applies also to the
UG with only a [N II] detection. This strengthens the idea
that the unclassified objects belong to the class of LEG,
but with an even lower contrast of the AGN against the
host galaxy emission. In the right panel of Figure 2 we in-
stead compare the Hα flux and the continuum level around
this line. This shows that UG are located at low Hα fluxes,
indicating that their lower EW(Hα) is due to a lower line
flux and not to a higher continuum level.
3 Also in the 3CR sample 29 (28%) galaxies with z < 0.3 can-
not be properly identified spectroscopically (Buttiglione et al.
2009, 2010), and they are almost as numerous as LEG (32).
R.D. Baldi & A. Capetti: Spectro-photometric properties of the radio-loud AGN population. 5
Fig. 2. Left: Hα equivalent width against the [N II]/Hα ratio. Only objects with both [N II] and Hα detected are
shown. Right: logarithm of the Hα flux versus logarithm of the continuum at the Hα line (in erg s−1 and erg s−1A˚−1
units respectively).
3.2. Spectro-photometric diagnostic diagrams
We now investigate the spectro-photometric properties of
their host galaxies taking advantage of the information
about their optical spectroscopic classification. We will
then consider the host morphology, the stellar age and
the content of young stars, the broad band colors, their
mass, and the mass of their central supermassive black
hole (SMBH).
Among the variety of measures provided by SDSS, the
concentration index Cr (defined as the ratio of the radii
including 90% and 50% of the light in the r band re-
spectively) can be used for a morphological classification
of the hosts. Early-type galaxies (hereafter ETG) have
larger values of Cr. Two thresholds have been suggested
to define ETG: a more conservative value at Cr ≥ 2.86
(e.g. Nakamura et al. 2003; Shen et al. 2003) and a more
relaxed selection at Cr ≥ 2.6 (e.g. Strateva et al. 2001;
Kauffmann et al. 2003; Bell et al. 2003). Bernardi et al.
(2009) found that the second threshold of concentration
index corresponds to a mix of E+S0+Sa types, while the
first mainly selects elliptical galaxies, removing the ma-
jority of Sa’s, but also some Es and S0s. We select from
the previous spectroscopically selected sample only the
objects with r-band concentration index measured with
an accuracy better than σ(Cr) < 0.2. It is composed of
401 objects (see Table 1): most of them (80%) are secure
ETG (with Cr > 2.86) while only a small fraction (9%)
are most likely late-type galaxies (with Cr < 2.6). The
remaining 11% of the sub-sample is located in the range
2.6 < Cr < 2.86.
Fig. 3. Concentration index in r band, Cr, vs. 4000 A˚
break, Dn(4000), for the 401 objects of the SDSS/NVSS
AGN sample with 0.03 < z < 0.1 and error on the r-band
concentration index < 0.2.
Another important parameter is the 4000A˚ break
strength, Dn(4000) (defined as the ratio between the
fluxes in the wavelength range 3850-3950A˚ and 4000-
4100A˚), that is sensitive to the presence of a young stellar
population (Balogh et al. 1999). It is instead insensitive
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to the effects of the internal reddening, unlike broad-band
colors. The distribution of Dn(4000) in the large sample
studied by Kauffmann et al. (2003) is bimodal, with mas-
sive galaxies (log M∗/M⊙ & 10.5) showing a larger break
than less massive objects. The transition between the two
groups is located approximatively at Dn(4000) ∼ 1.7.
Figure 3 shows the distribution of the RLAGN in
the spectro-photometric diagram composed of Cr vs.
Dn(4000). Most of the points are located in the region of
the plane populated by quiescent ETG. These are predom-
inantly LEG and unclassified objects. The objects with
Dn(4000) < 1.7 are spread over a large range of Cr, en-
compassing both early and late-type galaxies. All spec-
troscopic classes are well represented in this region of the
plane, but with a dominant contribution of SFG and HEG.
Let us now consider the location of the different spec-
troscopic classes. The majority of LEG are hosted in qui-
escent (Dn(4000) > 1.7) ETG (76% for Cr > 2.86 and
84% for Cr > 2.6) and this behavior is even more pro-
nounced in the spectroscopically unclassified sources (with
percentages of 90% and 98% respectively). Only a small
fraction (13% among LEG and 2% among UG) of these
two classes show a possible evidence for star formation,
with Dn(4000) < 1.7. Similarly, only 7% of the LEG and
2% UG have likely late-type hosts. The ambiguous galax-
ies are also mostly red and quiescent.
The situation is radically different considering SFG
and HEG. They cover the whole range of value for Cr
and show preferentially low values of Dn(4000): 83% of
the HEG and 70% of the SFG have Dn(4000) < 1.7.
The color index u − r is another parameter able to
qualify the star formation rate present in the host as a
whole. In fact, while the Dn(4000) index is measured over
the 3′′ SDSS fiber centered on the nucleus, the u− r color
is estimated over the entire galaxy. In Figure 4 we show
the u − r color vs. the absolute r-band magnitude Mr
of the hosts of the sample limiting to the secure ETG,
i.e. Cr > 2.86. Most of the sample is located at color
u−r > 2.5 andMr < −21. However, a tail of bluer galaxies
is present formed mostly by HEG and SFG, but including
also a few LEG and UG (see Table 1 for a summary). On
average, UG are redder and brighter than LEG.
In Figure 4 the dashed line represents the separa-
tion between “red” and “blue” galaxies introduced by
Schawinski et al. (2009) for a volume-limited SDSS sam-
ple (0.02 < z < 0.05) of ETG, classified morpholog-
ically by visual inspection by the Galaxy Zoo project
(Lintott et al. 2008). This sample shares with our radio-
selected sample the luminosity range, Mr < −20.7,
straddling the M∗ for low-redshift ETG (Mr,∗ = -21.15,
Bernardi et al. (2003)). With the aim of isolating ETG
with ongoing star formation, Schawinski et al. (2009) de-
termined the 3σ offset from the mean of the red sequence
in u− r vs. Mr plane and defined as blue ETG those that
are below this threshold.
LEG and UG typically do not show sign of an ongo-
ing star formation. In fact, the fraction of these galaxies
having blue u-r color is ∼5% (3% of the UG and 8% of
Fig. 4. Absolute r band magnitude, Mr, vs. u − r color
for the sample of secure ETG (i.e. with Cr > 2.86) with
0.03 < z < 0.1. The dashed line separates the “blue”
ETG from the red sequence, following the definition of
Schawinski et al. (2009).
the LEG). In the sample considered by (Schawinski et al.
2009) the observed fraction of “blue” ETG is 5.7%. This
indicates that the fraction of star forming galaxies4 in UG
and LEG in our radio-selected sample is similar to that of
the general population of ETG. Furthermore, the fraction
of “blue” ETG decreases with luminosity and they disap-
pear in galaxies with Mr < −22.5 in agreement with the
results by Schawinski et al. (2009).
Conversely, HEG show a high fraction (60%) of blue
objects and, not unexpectedly, also SFG are often (35%)
blue.
SDSS also provides us with the stellar velocity disper-
sion of the sample, from which we derive the SMBHmasses
(MBH) adopting the relation of Tremaine et al. (2002). To
better visualize theMBH distribution for each class of host
galaxies and AGN, in Figure 5 we show the SMBH mass
against the concentration index. The vast majority of LEG
and UG is associated to ETG (as already shown before)
with large SMBH masses (8 . log(MBH/M⊙) . 9). A tail
of later type galaxies extends toward lower SMBH masses
(reaching log(MBH/M⊙) ∼ 6.5) and it is formed mostly
by HEG and SFG.
Let us explore the origin of the radio emission and
in particular the contamination related to star formation.
The criterion applied by Best et al. (2005b) to exclude ra-
dio sources powered (or strongly influenced) by star forma-
4 Note also that in our sample there is the possibility that
the blue color could be related to a substantial contribution of
the AGN continuum.
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Fig. 5. Logarithm of the black hole mass (in solar units)
vs. concentration index, Cr, for the sub-sample with
0.03 < z < 0.1.
tion is based on the location of a galaxy in the Dn(4000)
versus L1.4GHz/M∗ plane, whereM∗ is the galaxy’s stellar
mass5. This allows one to predict the radio emission per
unit mass expected from a stellar population of a given
age. As seen in Figure 9 of Best et al. (2005b), the dis-
tribution of galaxies in this plane is bimodal, but with a
large transition region between 1.4 . Dn(4000) . 1.7.
Best et al. (2005b) associated the radio emission to an
AGN when a galaxy shows an excess > 0.225 in Dn(4000)
above the curve corresponding to the prediction of an ag-
ing star formation event lasting 3 Gyr and exponentially
decaying.
In Figure 6 we show the location of the SDSS/NVSS
sample on Dn(4000) versus L1.4GHz/M∗ plane. LEG and
UG are mostly clustered well above the threshold curve.
Conversely, SFG and HEG occupy a region parallel to the
separation curve. The proximity to this curve casts some
doubts on the AGN origin of the radio emission in these
two classes. In fact, there is large mis-match in the scales
probed by the NVSS image and SDSS spectrum that can
cause an erroneous identification of the main mechanism
of radio emission. The value ofDn(4000) used to derive the
age of the stellar population and to predict the radio emis-
sion related to star formation is in fact appropriate only
for the central 3′′ covered by the SDSS fiber. In presence
of a substantial gradient in stellar age the predicted value
5 M∗ is estimated from the g and z SDSS magnitudes follow-
ing following Bell et al. (2007) resulting in slightly different
masses from those reported by Best et al. (2005b). This ex-
plains the fact that some sources are located under the thresh-
old curve.
Fig. 6. Dn(4000) vs. L1.4GHz/M∗ for the galaxies of
SDSS/NVSS sample with 0.03< z <0.1 and σ(Cr) < 0.2.
The dashed curve is the empirical separation between the
star forming and AGN radio emitting sources, performed
by Best et al. (2005b) (read the text for details). The dot-
ted curve is shifted 0.1 above in Dn(4000) of the dashed
curve, in order to separate the objects with a possible sig-
nificant star formation contribution to their radio emis-
sion.
of L1.4GHz/M∗ for the whole galaxy due to star forma-
tion could be substantially underestimated. This is case,
e.g., of spiral galaxies when the fiber covers only the bulge,
while most of the star formation occurs in the spiral arms.
We will return to this issue in Sect. 5 and 6.
Finally, we consider the L1.4 GHz − L[O III] plane
(Figure 7), already used in Baldi & Capetti (2009), now
taking advantage of the additional information on the op-
tical classification of the sources. In this plane we note
a horizontal stratification of the classes: in order of in-
creasing line luminosity we find SFG and UG, followed by
LEG and HEG. Only LEG and UG reach the line-radio
correlation defined by the 3CR sample. Most HEG show a
L1.4 GHz/L[O III] ratio much larger than seen in LEG and
UG.
Summarizing, the SDSS/NVSS sample is predomi-
nantly composed of low excitation AGN hosted by red,
quiescent (from the point of view of star formation), ETG
and with largeMBH. We include in this main class also the
spectroscopically unclassified objects that appear to share
these features and are most likely simply lower luminosity
AGN.
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Fig. 7. Logarithm of the radio vs. [O III] luminosities (both in erg s−1 units) for the 0.03 < z < 0.1 sub-sample. The
two dashed lines reproduce the line-radio correlation followed by the LEG and HEG of the 3CR sample (red pluses and
blue asterisks respectively). The ellipse marks the boundaries of the location of Seyfert galaxies (e.g. Whittle 1985).
High excitation galaxies are also present but represent
only a minority (∼ 10 %) of the sample and they usu-
ally show ongoing star formation, stronger emission lines
and lower black hole masses than those of LEG, and are
often hosted in late-type galaxies. These properties are
very similar to those of the star forming galaxies (15% of
the sample), with the very important difference that SFG
have a much lower level of [O III] line luminosity (a factor
of ∼ 100) than HEG.
4. Results: the sub-sample with 0.1 < z < 0.3
We now briefly summarize the results obtained from the
same analysis described in the previous section, but ap-
plied to the objects with higher redshift, i.e. 0.1 < z < 0.3.
We anticipate that, overall, the analysis of more distant
(and more powerful from the point of view of their line
and radio luminosities) SDSS/NVSS sources confirms the
main results obtained for the lower redshift objects.
In Fig. A.1 we show the diagnostic spectroscopic dia-
grams. Not surprisingly the fraction of unclassified galax-
ies is even larger than at low redshift, reaching 85%. In
fact, focusing on the 1684 objects with an error on the
concentration index smaller than 0.2, there are 1438 UG,
130 LEG, 37 HEG, 53 SFG, and 26 AG. The dominance
of UG makes difficult to establish whether the breakdown
in the other classes changes with redshift. However, con-
sidering the upper limits to the Hα fluxes for UG (see
Fig. A.2, upper left panel), similarly to what we found for
the near sample, they are substantially offset from HEG,
suggesting an identification of UG with a mixture of LEG
and SFG. Thus the fraction of HEG appears lower than
in the near sample being reduced from ∼ 7% to ∼ 2%.
In Fig. A.2 (upper right panel) we report the analo-
gous of Fig. 3 for the higher redshift objects showing the
concentration index vs. the 4000 A˚ break. The bulk of
the sample (formed by UG and LEG) is shifted at slightly
lower Cr and lower Dn(4000) as expected for the impact
of seeing in these more distant objects (Hyde & Bernardi
R.D. Baldi & A. Capetti: Spectro-photometric properties of the radio-loud AGN population. 9
2009) and for the smaller age of the stellar population.
The population with Dn(4000) < 1.7 is still found to be
dominated by HEG and SFG, that also form the bulk of
the objects with likely late-type morphology.
The location of many of the HEG and SFG in Fig.
A.2 (lower left panel), where we compare Dn(4000) and
L1.4GHz/M∗, is close to the line marking the division be-
tween a radio emission associated with an AGN and star-
formation. However, the fraction of HEG at higher redshift
with a clear AGN-origin for the radio emission is larger
than that at lower redshift (Fig. 6). Conversely, most LEG
and UG at higher z still show an AGN as dominant pro-
cess for the production of the radio emission.
In Fig. A.2 we also present (lower right panel) the dis-
tributions of the MBH for each spectroscopic class (the
filled portion represents the contribution of galaxies with
Cr < 2.86). For all classes they are similar to those of
the lower z objects (compare with Fig. 9) with the only
exception of SFG that have MBH larger by a factor of ∼
10. Apparently, the dominant population of SFG moves
from low mass spiral galaxies, to more massive early-type.
Unfortunately for this redshift range we do not have a
well defined reference sample of non active ETG to con-
trast with our results.
Finally, in Fig. A.3 we compare the radio and the
[O III] luminosities, similarly to what we did in Fig. 7.
The selection of more distant objects causes a general shift
toward higher luminosities on both axis, but the stratified
position of the various classes is confirmed.
5. Comparison with 3CR radio-galaxies
In this Section we will draw a quantitative compari-
son between the spectro-photometric properties of the
SDSS/NVSS sources with those of the powerful radio-
galaxies part of the 3CR sample.
5.1. Low excitation galaxies
Since from the point of view of the optical spectra, most
of the SDSS/NVSS radio sources are classified as low exci-
tation galaxies, we start with a comparison with the LEG
of 3CR sample6.
We here compare the radio morphology of the two sam-
ples. We visually inspected all UG and LEG at z < 0.1,
finding that the majority of them is unresolved or barely
resolved at the 5′′ FIRST resolution, corresponding to a
limit to their size of . 10 kpc. Nonetheless we found 6 (5
%) LEG and 58 (27%) UG with well resolved radio struc-
tures, all of these having νLr & 2 × 10
39 erg s−1. The
fraction of extended radio sources increases with radio lu-
minosity and, at the higher radio powers, most of them
are well resolved (see Fig. 8). All morphological classes are
represented, including twin-jets and core-jet FR I, Narrow
6 We consider as ‘LEG’ sources all those classified as low ex-
citation galaxies, see Buttiglione et al. (2010), from the optical
spectra independently of their radio morphology.
Fig. 9.Distributions of the SMBHmass (in solar units) for
the various spectroscopic SDSS/NVSS sub-samples com-
pared to that of LEG part of the 3CR sample. The filled
portion of the histograms represent the contribution of
galaxies with Cr < 2.86.
and Wide Angle Tails, and FR II with clear hot spots.
These classes are all found among the 3CR/LEG that,
however, are all well resolved with physical sizes ranging
from 15 to 400 kpc, in the same range of the SDSS/NVSS
sources shown in Fig. 8.
In Fig. 9 we analyze the SMBH mass distribution
of each spectroscopic class in comparison with that of
3CR/LEG. These powerful radio sources have black hole
mass in the range (8.0 < log(MBH/M⊙) < 9.5) similar
to those of the LEG and UG of the SDSS/NVSS sample.
In fact, the vast majority of these objects have a black
hole mass in the range 7.7 < log(MBH/M⊙) < 9.5. A low
mass tail, with log (MBH/M⊙) < 7.5, is present among
LEG and UG but amounting to only 3% of the galaxies
and mostly composed of late-type galaxies (these sources
will be discussed in more detail in Sect. 6). If we consider
only the ETG, the median logarithm ofMBH in solar units
are 8.30, 8.52, and 8.44 for LEG, UG and the combined
“LEG+UG” sample respectively. MBH in 3CR/LEG are
only slightly larger than in UG and LEG, with a median
of logMBH/M⊙ = 8.67. A Kolmogorov-Smirnov test indi-
cates that the distributions of SMBH for UG+LEG and
3CR/LEG are not statistically different at a significance
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Fig. 8. FIRST images of the 12 brightest SDSS/NVSS radio sources with z < 0.1 associated with UG and LEG, with
a [O III] detection. The fields of view are 4′ × 4′ and 2′ × 2′ for the top and bottom row respectively. The physical
sizes range from 45 to 400 kpc.
Fig. 10. Distributions of the stellar masses (in solar units)
for the samples of LEG and unclassified galaxies in the
SDSS/NVSS sample, compared to that of LEG part of
the 3CR sample with z<0.1. The filled portion of the
histograms represent the contribution of galaxies with
Cr < 2.86.
limit of 99%. As already noted, SFG and HEG have in-
stead lower MBH and a large contribution of late type
galaxies.
In Fig. 10 we show the distribution of the host masses,
estimated from the g and z SDSS magnitudes (Bell et al.
2007) restricting to LEG and UG sources, and of the 17
3CR/LEG with available SDSS images. They share the
same host mass range 10.5 < log(M∗/M⊙) < 12. The
median host masses are log (M∗/M⊙) =11.18, 11.37 and
11.26 for LEG, UG and 3CR/LEG respectively. Using a
Kolmogorov-Smirnov test, we found that these small dif-
ferences are not statistically significant.
Considering now the morphology of the host galax-
ies, 3CR/LEG are found in elliptical galaxies (e.g.
Martel et al. 1999; Madrid et al. 2006) similarly to the
typical hosts of SDSS/NVSS galaxies.
From the point of view of their broad band color, we
consider the location of the 3CR/LEG in theMr vs. u− r
plane (see Figure 4) looking for blue galaxies. All the
3CR/LEG sources are red, with the exceptions of 3C 236
and 3C 084. The color of the latter object is however domi-
nated by the bright, highly polarized, and variable optical
nucleus (Martin et al. 1976), typical of BL Lac objects.
Instead 3C 236 shows UV knots related to star formation
(O’Dea et al. 2001), indicating the presence of only 1 blue
galaxy among the 16 3C/LEG. This is in full agreement
with the finding of Baldi & Capetti (2008) based on the
analysis of their near UV HST images.
Summarizing, the hosts of 3CR/LEG and those of
LEG in the SDSS/NVSS sample are typically red qui-
escent early-type galaxies, with distributions of black
holes and stellar masses statistically indistinguishable.
The most striking difference between the two samples is
related to the radio morphology, i.e. to the large fraction
of objects (∼ 80%) in the SDSS/NVSS that, despite hav-
ing a line luminosity matched to the 3CR/LEG, do not
show extended radio structures.
5.2. High excitation galaxies
About half of the 3CR sources with z < 0.3 are HEG
(Buttiglione et al. 2010). They are all bright radio-sources
(log νL178 [erg s
−1] & 41) with a FR II morphology. About
1/3 of them show broad emission lines. Their distribution
of SMBH masses covers the range logMBH/M⊙ = 8.1−9.5
with a median of 8.75 7.
7 The black hole masses for 3CR/HEG have been estimated
from their H-band absolute magnitude (after removal of the nu-
clear contribution estimated by Baldi et al. 2010) as tabulated
by Buttiglione et al. (2010), converted into K-band luminosity
assuming H-K = 0.21 (Mannucci et al. 2001), and using the
LK −MBH relation (Marconi & Hunt 2003).
R.D. Baldi & A. Capetti: Spectro-photometric properties of the radio-loud AGN population. 11
In the SDSS/NVSS sample the HEG are instead a mi-
nority, 7% in the sub-sample of nearby objects (0.03 < z <
0.1) and only 2% in the “far sample” with (0.1 < z < 0.3)
for a total of 67 objects.8
Considering their radio morphology, only a minority
(∼ 20 %) have resolved structures in FIRST, and only 7
of them are clear FR II. These are all high power sources
νLr & 10
41 erg s−1, a low limit similar to that found for
3CR/HEG.
HEG in the SDSS/NVSS sample are generally blue
(∼ 60 %) and with a strong level of star formation (25
out of 30 have Dn(4000) < 1.7), in line with 3CR/HEG
(Baldi & Capetti 2008; Smolcˇic´ 2009). But SDSS/NVSS
HEG are hosted almost in the same fraction by early and
late-type galaxies, at odds with the elliptical morphology
of 3CR/HEG hosts. Furthermore, their SMBH masses dis-
tribution is shifted by about a order of magnitude (the
median is logMBH/M⊙ = 7.88) toward lower masses than
3CR/HEG. In addition, in the Dn(4000) vs. L1.4GHz/M∗
plane (Figure 6) two thirds of HEG are located close (with
an offset < 0.1 in Dn(4000)) to the boundary of the region
characteristic of the objects in which the radio emission is
powered by star formation. Although these are certainly
AGN, given their emission line ratios, they might enter the
SDSS/NVSS sample only because of a high level of star
formation that powers their radio emission. This should
be taken into account when dealing with AGN radio lu-
minosity functions derived from this sample.
Let us focus on the location of SDSS/NVSS HEG (in-
cluding all objects with 0.03 < z < 0.3) in the L1.4GHz vs
L[O III] plane (Figure 11). They form the high end of the
luminosity distribution in emission lines (L[OIII] & 10
40
erg s−1) and their radio total luminosities span a large
range (from 1038.5 to 1042.5 erg s−1). At high emission line
luminosities (L[OIII] & 10
41 erg s−1) a few objects are lo-
cated in the region characteristic of 3CR/HEG, but HEG
also reach the locus of Seyfert galaxies (Whittle 1985),
without any apparent discontinuity. Moving from high to
low radio luminosities, there is a trend in the host prop-
erties: high L1.4GHz sources are exclusively ETG (empty
circles), while those of lower radio luminosity, falling in the
Seyfert region, are still mostly ETG but with a contribu-
tion from late-types (filled circles) and with many objects
with a likely possibility of a star-formation origin for their
radio emission (“+” symbols). The black hole mass (large
red circles mark galaxies with logMBH/M⊙ > 8) does not
seem to have any simple relation with the location of the
objects in the L1.4GHz - L[OIII] plane.
At lower line luminosities, the situation is somewhat
different. In the 3CR, there are no HEG below a line
luminosity of 1041 erg s−1 and similarly there are no
SDSS/NVSS HEG extending the correlation between line
8 All these objects only show narrow emission lines. In fact
Best et al. (2005b) excluded the objects classified as QSO (that
instead generally do show broad lines) by the automated SDSS
classification pipeline, since the presence of a bright nucleus
would have prevented a detailed study of the host properties.
Fig. 11. Logarithm of the radio vs. [O III] luminosities for
the HEG with 0.03 < z < 0.3. The symbols, in addition to
the empty circles, correspond to: 1) filled points are late-
type galaxies; 2) large red circles have black hole masses
log MBH/M⊙ > 8; 3) the green pluses are the objects
close to the empirical separation between the star forming
and AGN radio emitting sources; 4) the blue crosses are
the objects that would be classified as LEG adopting to
separation HEG/LEG separation derived for 3CR galax-
ies (Buttiglione et al. 2010). We draw as a comparison the
location of other classes of high excitation AGN: the el-
lipse marks the boundary of the region characteristic of
Seyfert (Whittle 1985), while the dashed region comprises
the 3CR/HEG (Buttiglione et al. 2010).
and radio luminosities defined by 3CR HEG toward lower
powers. Among the objects with L[OIII] . 10
41 erg s−1
there is also a substantial fraction of sources that would
be classified as LEG by adopting the HEG/LEG classifi-
cation of RLAGN (crossed circles). The presence of low
mass, late-type galaxies is also widespread.
Thus SDSS/NVSS HEG appear to be rather differ-
ent from those found in the 3CR sample, with only a few
of them showing properties consistent to those of these
powerful FR II radio-galaxies. SDSS/NVSS HEG are in-
stead more often associated with lower mass and later type
galaxies, similar to the host of Seyfert galaxies with which
they share also the location in the line vs. radio luminosity
plane. The combination of these characteristics suggests
that the SDSS/NVSS HEG sub-sample contains a large
fraction of sources that would be considered classically as
radio-quiet AGN and a minority of RLAGN.
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Interestingly, several HEG lie in between Seyfert and
3CR/HEG (i.e., between radio-quiet and radio-loud AGN)
without a clear discontinuity in either the host or the AGN
properties.
5.3. Star forming galaxies
In the 3CR sample there is only one galaxy classified as
SFG9. The fraction SFG in the SDSS/NVSS sample is sub-
stantially higher, ∼ 11% in the low-z sample, although we
remind that the method used to classify the SFG might
lead to an overestimate of the number of these objects.
This difference might be related to the higher AGN power
of the 3CR sources that makes more difficult to see the
effects of star formation in their optical spectra. The ex-
clusion a priori of SFG might also bias our estimate of the
fraction of “blue” ETG derived in Sect. 3.2.
However, the properties of SFG are in general not
compatible with the interpretation that they are simply
the result of a combination of a radio loud LEG nucleus
with a higher level of star formation. In fact, they usually
have lower MBH than LEG/UG and are mostly found in
late-type galaxies. Furthermore most SFG are close to the
curve that separates objects in which the radio emission
is powered by an AGN and by star-formation (see Figure
6) and generally well offset from LEG/UG, arguing for a
substantial contamination to their radio luminosity from
non nuclear processes.
Only a minority of SFG (∼ 5 - 10 objects, depend-
ing on the diagram considered) have spectro-photometric
properties (leaving aside the emission line ratios) similar
to those of LEG/UG. These could be indeed LEG/UG
from the nuclear point of view, but with a higher star
formation rate. In particular 6 SFG are hosted in ETG
with a blue color (see Figure 4). Including them among
the blue galaxies their overall fraction would be raised to
7%, still consistent with the the fraction of star formation
in quiescent ETG (Schawinski et al. 2009).
Conversely, SFG can be in part the result of the com-
bination of a HEG nucleus with a high level of star forma-
tion. Indeed, the properties of the hosts of the two classes
are similar. A varying relative contribution of the active
nucleus and of star formation to the emission lines can ac-
count for the broad range of diagnostic line ratios covered
by SFG and HEG.
6. Are there exceptions to the rule?
The SDSS/NVSS sources are thus composed mainly of
objects with low excitation spectra and their host galax-
ies are mostly red10, massive early-type galaxies, harbor-
9 This is 3C 198, a bright FR II, hosted by a blue el-
liptical galaxy (Cr = 3.1), with Dn(4000) = 1.1, and with
logMBH/M⊙ = 8.2.
10 As discussed before, this is the general rule for the hosts of
low excitation RLAGN, and the fraction of objects with signs
of star formation are very similar in the 3CR and SDSS/NVSS
samples as well as in quiescent (non AGN) ETG.
ing SMBH of very large masses. These characteristics are
shared by the LEG drawn from the 3CR sample.
As shown in the previous sections, there is a minority
of radio sources associated with galaxies showing a HEG
or SFG emission line spectrum and these are also found in
smaller hosts, often of late type. However these sub-classes
suffer from a strong contamination from radio-quiet AGN
or from objects whose radio emission is powered by star
formation.
At this stage it is important to establish whether there
are exceptions to these general rules answering to these
questions: can a RLAGN be associated with a small black
hole? Are there RLAGN hosted in spiral galaxies? We will
focus on the “near sample” (0.03 < z < 0.1) for which we
have better spectro-photometric information and that is
still sufficiently large to contain relatively rare outliers,
when compared to, e.g., the 34 3CR in the same redshift
range.
The black hole mass distribution of the 315 LEG (or
UG) has a small tail of low MBH, while in the 3CR
there is sharp cut-off in the black hole mass distribution
at log(MBH/M⊙) ∼ 7.7. We will then focus on the 11
SDSS/NVSS objects with log(MBH/M⊙) < 7.5. There
are also 11 LEG/UG with Cr < 2.6, thus likely late-
type galaxies (4 of them also have log(MBH/M⊙) < 7.5
and are in common with the sample of galaxies of low
SMBH mass). Furthermore, spiral hosts could also be
found among the objects with Cr > 2.86 since ∼ 1/3
of Sa and 13 % of Sb galaxies make this selection (see
Bernardi et al. 2009).
Before we can conclude that any of these are genuine
exceptions we examine their properties in closer detail.
We then performed an object by object inspection of the
position in spectro-photometric diagnostic diagrams, and
of their optical and radio images.
First of all we looked for spirals in the sub-sample with
Cr > 2.86. Bernardi et al. (2009) showed that late and
early type galaxies have different distributions of axial ra-
tios, but with a substantial overlap. Thence ellipticity can-
not be used to assess the possible contribution of spirals
to the RLAGN population. To explore this issue we are
left only with direct visual inspection of the SDSS images.
We then considered the 277 galaxies with z < 0.1 having
Cr > 2.86, σ(Cr) < 0.2, and a UG or LEG classification.
Although we extended this method to a larger redshift
than used by e.g. the Zoo Project, we are confident that
the quality of the SDSS images is sufficient for a robust
identification of their Hubble type. This conclusion can
be drawn looking at the images in Figure 12, showing 20
galaxies selected at random from those in the largest red-
shift bin considered, 0.09 < z < 0.1, all of them clear
ETG. Probably the high reliability of visual inspection at
these relative high redshift is due to the fact that we are
dealing, in most cases, with very massive objects whose
morphology remains well defined even at z ∼ 0.1.
We only found 4 galaxies whose type cannot be de-
fined securely since they are seen almost edge on (see the
bottom row in Figure 12) and that, in principle, could be
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spirals. However, if indeed massive late type galaxies were
associated with RLAGN, in our analysis we should have
found also their face-on counterparts. This leads us to con-
clude that the 4 galaxies under scrutiny are most likely the
small fraction of S0 expected to be seen edge-on.
We then consider the 11 galaxies with Cr < 2.6. The
first issue is to establish whether their radio emission is
indeed powered by an AGN and not by star formation. As
shown in Figure 6, 9 LEG/UG are located close (with an
offset of < 0.1 in Dn(4000)) to the boundary of the region
characteristic of the objects in which the radio emission
is powered by star formation; 6 of them are galaxies with
Cr < 2.6. As discussed in Sect. 3.2 this casts doubts on
the AGN origin of the radio emission in these objects.
This leaves us with only 5 galaxies with Cr < 2.6 with
radio emission of apparently secure AGN origin. Visual
inspection of their SDSS images clearly indicates that 4
of them (∼ %1 of the sample) are clearly ETG. This is
not surprising since Bernardi et al. (2009) estimated that
the fraction of galaxies visually classified as ETG having
Cr < 2.6 is ∼2% for Es and ∼7% for S0s. Limiting to the
most massive ones (Mr . −21) these fraction are approx-
imately halved. Only one galaxy is indeed a spiral (SDSS
J170007.17+375022.2) at a redshift of 0.063. However, the
3′′ SDSS fiber covers only its bulge, returning a Dn(4000)
= 1.75, typical of a rather old stellar population. This is
the value used to locate this source in the Dn(4000) vs.
L1.4GHz/M∗ plane. We argue that a substantial fraction of
its radio emission can originate from younger star within
the spiral arms, an idea supported by the lack of a central
source in the FIRST image.
We finally consider the 7 galaxies with low MBH
(4 were already discussed among the likely late type).
Although the radio emission of one of them is probably
dominated by star formation, another 3 possibly make the
5 mJy threshold only thanks to the contribution of unre-
lated nearby radio sources, there are 3 galaxies behaving
like the rest of the LEG/UG population is all diagnos-
tic diagrams, but with MBH ∼ 2 − 3 × 10
7M⊙. One of
them (SDSS J133453.37-013238.5) is associated with a ra-
dio source of clear FR II morphology extended over ∼ 90
kpc, an unmistakable sign of the presence of a RLAGN.
Nonetheless, the quoted SMBH masses are not actual
measurements, but estimates derived from the stellar ve-
locity dispersion, σ∗. Since this relation has an intrinsic
scatter, in a population with a low-mass cut-off in black
hole masses, a tail of low σ∗ is indeed expected. Without
a prior knowledge of SMBH masses distribution it is diffi-
cult to estimate whether our fraction of low σ∗ objects (∼
1% of the sample) is consistent with this interpretation.
We then used the relation between the host and SMBH
masses derived by Marconi & Hunt (2003) to obtain a in-
dependent MBH measurement. Their host masses are in
the range log M∗/M⊙ = 10.54 − 10.99 corresponding to
log(MBH/M⊙) ∼ 7.93− 8.37.
Summarizing, we failed to find any convincing RLAGN
associated with a spiral galaxy or with black holes with a
mass substantially lower than to 108M⊙.
However a link betweenMBH and radio luminosity ex-
ists. In fact, the normalization of the radio luminosity
function of galaxies of different SMBH masses shows a
dependence as ρ ∼ M1.6BH (Best et al. 2005a). Thus AGN
associated with smaller SMBH are expected to be less fre-
quent, at a given threshold in radio luminosity, than in
SMBH of higher mass. The stellar mass function of ETG
is essentially constant (in a log-log representation) for
M∗/M⊙ . 10
11 (e.g. Bernardi et al. 2009), correspond-
ing to MBH/M⊙ ∼ 2 × 10
8, having adopted the ratio
MBH/M∗ from Marconi & Hunt (2003). The number of
LEG/UG radio-galaxies with 7.7 . logMBH/M∗ . 8.7
is ∼ 300 and the number of expected radio-galaxies in
the SDSS/NVSS sample with 6.7 . logMBH/M∗ . 7.7 is
∼ 300 × 10−1.6 ∼ 7. The failure to find any of such low
mass objects indicates that the link between radio lumi-
nosity and MBH breaks toward low SMBH masses.
7. Summary and conclusions
In a previous paper (Baldi & Capetti 2009) we showed
that the sources selected by Best et al. (2005b) by cross-
correlating the NVSS, FIRST, and SDSS surveys (the
SDSS/NVSS sample) do not follow the correlations be-
tween line and radio luminosity defined by radio-galaxies
part of samples with a higher flux threshold, such as the
3CR, the B2, and the 2 Jy. They are characterized by
a large deficit of radio emission at a given level of emis-
sion line luminosity with respect to these more powerful
radio-sources. We argued that the prevalence of sources
with luminous extended radio structures in high flux lim-
ited samples is due to a selection bias. The SDSS/NVSS
sources form the bulk of the local radio-loud AGN popu-
lation but they are still poorly explored.
We here analyze their spectro-photometric properties
looking for differences in their hosts and in their optical
spectra that might explain their different radio properties.
The majority of the SDSS/NVSS sources have emission
line ratios characteristic of Low Excitation Galaxies. A
comparison with the LEG part of the 3CR sample show
that the SDSS/NVSS hosts are indistinguishable from
their counterparts of higher radio power from the point of
view of their morphology, distribution of black hole and
stellar masses, and broad band colors. In fact the hosts of
both samples are massive, red, early-type galaxies, with
black hole masses in the range 7.7 . log(MBH/M⊙) . 9.5.
A small percentage (∼ 5%) of objects with signs of recent
star formation is also present in both samples, in a similar
fraction with respect to the population of quiescent (from
the point of view of nuclear activity) galaxies. Thus the
differences in radio power between SDSS/NVSS and 3CR
sources (matched at a given level of emission line lumi-
nosity) cannot be ascribed to the fact that their hosts are
different.
Environment can also play a role. In fact, in a dense en-
vironment, the confinement of the radio emitting plasma
produced by the hot intra-group or intra-cluster medium is
more effective than in regions of lower galaxies densities.
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Fig. 12. First four rows: 50′′×50′′ SDSS images of 20 randomly selected LEG or UG in the redshift bin 0.09 < z < 0.1.
All of them can be classified by visual inspection as ETG. Bottom row: 4 galaxies whose Hubble type cannot be defined
since they are edge-on.
Fig. 13. 50′′× 50′′ SDSS images of the 5 putative late type galaxies, with Cr < 2.6, all but the one on the left clearly
ETG.
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In this latter case, the rapid expansion of the relativis-
tic plasma causes dramatic adiabatic losses, lowering the
observed radio power. However, Best et al. (2005b) show
that SDSS/NVSS are already in general found in richer
environments than normal galaxies. A detailed compari-
son of the environment of SDSS/NVSS and 3CR sources
is needed to address this issue and it will be performed in
a forthcoming paper.
In Baldi & Capetti (2009) we argued that
SDSS/NVSS sources could be relatively young and
their extended radio emission has yet to fully form.
This requires that the radio luminosity increases with
time as the source expands, slowly burrowing their way
into the interstellar medium of the host galaxy. The
results presented here provide us with a further piece of
evidence in favor of a evolutionary sequence in radio-loud
AGN. In fact we found that Unclassified Galaxies are
more often associated with extended radio sources with
respect to Low Excitation Galaxies (the percentages
being 27 % and 5 % for UG and LEG, respectively).
This is counter-intuitive, since LEG are brighter in line
emission than UG; one might have expected a higher line
luminosity, generally indicative of a higher AGN power, to
correspond more often to a well developed radio structure.
However, also the line luminosity evolves with time and
with the size of the radio source. The compression of the
ambient medium due to the passage of the jet head (and
to the lateral expansion shocks) increases the density
of the line emitting clouds and consequently (given the
dependence of line luminosity on the density squared)
their line luminosity. The line luminosity increases with
time, as the jets compress more clouds (see e.g. Labiano
2008) until the radio source is confined to within the
host galaxy. Even larger sources propagate in regions
of lower gas densities. At a given level of the ionizing
continuum, they are expected to be less luminous in line
that smaller sources where the jet-cloud interactions are
more efficient. Thus a radio-galaxy moves with time in
the L1.4 GHz−L[O III] plane along a complex evolutionary
track. The higher fraction of UG with extended radio
structures can be due to the evolution of part of the LEG
population, from small radio sources of high L[O III], to
larger size and smaller L[O III].
Additional indicators of the jet and AGN power are
needed to further compare high and low radio power
sources. These can be obtained, for example, from mea-
surements of the radio cores (from images of higher reso-
lution and at higher frequency than the FIRST maps cur-
rently available) or of the higher frequency nuclear emis-
sion by using, e.g., HST or Chandra imaging. In particular
it is crucial to test whether also the sources belonging to
the SDSS/NVSS sample obey to the relation between ra-
dio core and line emission spanning from miniature to high
power radio-galaxies (Baldi & Capetti 2009). This would
represent a clear indication that there is indeed a close
connection between the radiative and kinetic output in
radio-loud AGN, but that the best indicator of jet power
is the radio core luminosity and not the total radio emis-
sion. This interpretation is in line with the proportionality
of core and jet power derived from the estimates of the en-
ergy required to form the cavities observed in X-ray images
(Heinz et al. 2007). Better radio images will also provide
us with a measurement of the core dominance, to test the
prediction that the deficit of radio power of SDSS/NVSS
sources is indeed related to a higher core dominance with
respect to, e.g., 3CR objects, in analogy with the results
we obtained for miniature radio-galaxies.
After a detailed analysis on a object by object ba-
sis, we concluded that no bona-fide radio-loud AGN with
low excitation spectra could be found in a late type host
or with black holes with a mass substantially lower than
108M⊙. The SMBH mass distributions of 3CR/LEG and
in the SDSS/NVSS samples suggests that a RLAGN LEG
can only be associated with relatively large mass of the
central object. This might represent a very valuable in-
formation in our quest for the origin and evolution of
RLAGN (see e.g. Chiaberge 2008) and of their host galax-
ies. Nonetheless, since a link between MBH and the nor-
malization of the radio luminosity function exists, RLAGN
might be associated with low SMBH masses and not
be represented in the sample because they are too rare.
However, we estimated that 7 low MBH objects would be
expected, while none was found. This idea can be tested
in greater depth by exploring the radio properties of lower
mass ETG, harboring black holes around 107M⊙.
A minority (∼ 10%) of the SDSS/NVSS sample shows
rather different properties, showing a spectrum typical of
high excitation or star forming galaxies. They strikingly
differ from LEG: they have a wider distribution of SMBH
masses, ranging from ∼ 106M⊙ to ∼ 10
9M⊙ and they are
often found in spiral galaxies. Only a few of the HEG in the
SDSS/NVSS sample (less than ∼ 10 objects) have spectro-
photometric properties similar to the HEG found in the
3CR. Furthermore, there might be a contamination from
radio-quiet galaxies with high excitation spectra whose
radio emission is dominated by star formation.
Interestingly, however, in the SDSS/NVSS there is no
clear discontinuity in either the host or the AGN proper-
ties moving from galaxies lying in the region characteris-
tic of Seyfert to that covered by 3CR/HEG, objects that
would be classically defined as radio-quiet and radio-loud
AGN. This issue certainly deserves further studies, requir-
ing to collect additional multiband data on these galaxies.
It is possible that the same situation occurs also for
LEG. The density of SDSS/NVSS sources, at given line
luminosity, increases toward lower radio luminosity (with
a dependence well described by a power lawN ∼ L−11.4 GHz)
down to the completeness limit imposed by the radio flux
limit. We cannot establish whether a discontinuity exists
between the RLAGN discussed here and the population
of radio-quiet LEG, i.e. the LINER. An extension of this
study toward even lower radio flux limits, probably at sub-
mJy level, is required to evidence the presence of a possible
radio-quiet/radio-loud dichotomy in low excitation AGN.
Furthermore, if indeed galaxies similar from the point
of view of their nuclear properties give rise to radio-sources
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of widely different power and morphology, the use of the
total radio power as calorimeter of the jet is questioned.
This opens also the issue of how to define the radio-
loudness of AGN. Apparently, RL and RQ AGN are best
separated considering their nuclear properties, in particu-
lar by comparing the luminosity in the radio with X-ray
and optical data (e.g. Capetti & Balmaverde 2005), stress-
ing again the importance of high resolution multi-band
measurements of their nuclear emission.
Finally, we note that an important issue in the study
of these radio sources of, generally, low power, is related
to the identification of the dominant process of the radio
emission, i.e. AGN or star formation. Best et al. (2005b)
adopted a separation based on the radio luminosity ex-
pected for a stellar population of a given age (derived
from the value of the Dn(4000) index) and mass. While
the proposed method is sufficiently accurate to build, e.g.,
radio luminosity functions, it cannot be safely applied
to individual galaxies. In fact, we found that many ob-
jects located just above the threshold in the Dn(4000) vs.
L1.4GHz/M∗ plane have spectro-photometric characteris-
tics very different from the bulk of the sample. This sug-
gests that the “grey region” where the two populations
(with radio powered by an AGN or by star formation)
overlap covers a rather large range of these parameters.
This is likely due to the different scales probed by NVSS
images and SDSS spectra. For example, we found a spi-
ral galaxy whose SDSS spectrum is indicative of an old
stellar population. However, the SDSS fiber covers only
its bulge and, consequently, the predicted radio emission
from star formation is relatively low, suggesting an AGN
origin. However, no radio core is seen in the FIRST im-
ages, suggesting that the radio emission might originate
from young stars in the spiral arms, not covered by the
nuclear spectrum. Deeper radio images and with better
resolution than the FIRST and NVSS maps could be used
to isolate these objects based on their radio morphology
and on the spatial association of radio and optical struc-
tures.
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Appendix A: Appendix
We report in this Appendix the analogous of Fig. 1 (the
spectroscopic diagnostic diagrams), Fig. 2 (left panel) (Hα
flux vs. the continuum at the Hα line), Fig. 3 (concen-
tration index vs. 4000 A˚ break), Fig. 6 (Dn(4000) vs.
L1.4GHz/M∗), Fig. 9 (distributions of the SMBH masses
for each spectroscopic class), and Fig. 7 (total radio power
vs. [O III] luminosities) for the objects with redshift
0.1 < z < 0.3.
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Fig.A.1. Spectroscopic diagnostic diagrams for the objects with 0.1 < z < 0.3, with the same structure and symbols
of Fig. 1.
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Fig.A.2. Analogous of Fig.2 (left panel), Fig. 3, Fig. 6, and Fig. 9 for the higher redshift objects (0.1 < z < 0.3) i.e.
: (upper left panel) logarithm of the Hα flux versus logarithm of the continuum at the Hα line (in erg s−1 and erg
s−1A˚−1 units respectively); (upper right panel) concentration index Cr vs. 4000 A˚ break; (lower left panel) Dn(4000)
vs. L1.4GHz/M∗; (lower right panel) distributions of the MBH (in solar units) for the various spectroscopic classes. The
filled portion of the histograms represent the contribution of galaxies with Cr < 2.86.
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Fig.A.3. Analogous of Fig. 7 for the higher redshift objects (0.1 < z < 0.3) i.e. logarithm of radio power L1.4GHz vs.
[O III] luminosities. For more clarity the large number of upper limits in L[O III] are not shown. The two dashed lines
reproduce the line-radio correlation followed by the LEG and HEG of the 3CR sample (red pluses and blue asterisks
respectively). The ellipse marks the boundaries of the location of Seyfert galaxies (e.g. Whittle 1985).
